Different from simple stimuli-sensitive microgels, herein, we report "self-oscillating" microgel. This microgel shows an autonomic and periodical swelling/deswelling oscillation that is synchronized with redox oscillation of the Belousov-Zhabotinsky (BZ) reaction. The cross-linked microgels were synthesized by the copolymerization of N-isopropylacrylamide (NIPAm) with ruthenium tris(2,2′-bipyridine) [Ru(bpy) 3 ] as a catalyst for the BZ reaction by surfactant-free aqueous precipitation polymerization. The self-oscillation of the microgels was detected by changes in optical transmittance. The microgels showed not only the swelling/deswelling oscillation, which is synchronized with the redox oscillation of the Ru(bpy) 3 complex immobilized in the microgels, but also flocculating/dispersing oscillation around the phase transition temperature of the microgels, with a remarkable change in optical transmittance.
Introduction
Microgels of stimulus-responsive polymers have attracted much attention due to their potential applications in many fields, such as drug delivery, chemical/biological separations, photonic crystals, and microlenses. The most widely studied stimulus responsive microgels is composed of poly(N-isopropylacrylamide), pNIPAm, which is a thermoresponsive polymer with a lower critical solution temperature (LCST) of about 31 ºC in pure water. 1, 2 Microgels of pNIPAm have a volume phase transition temperature (VPTT) around the LCST of pNIPAm, and various functional groups have been added by copolymerization or post polymerization modification to make the gel multiresponsive. These microgels change their properties when on/off switching of external stimuli occurs.
In contrast to the stimulus-responsive microgels, recently, we have developed "self-oscillating" microgels that undergo an autonomic and periodical swelling/deswelling oscillation without any external stimulus by copolymerizing ruthenium tris(2,2′-bipyridine), denoted Ru(bpy) 3 , into a cross-linked pNIPAm microgel. [3] [4] [5] Ru(bpy) 3 was selected as a catalyst for the Belousov-Zhabotinsky (BZ) reaction, 6 which generates rhythmical redox changes from the oxidized ruthenium state to the reduced ruthenium state. When the microgels were dispersed in an aqueous acidic solution containing the substrates for the BZ reaction, periodical swelling/deswelling oscillation of each microgel is spontaneously induced by the BZ reaction occurring in the microgel. Self-oscillating microgels that disperse in aqueous medium would be useful as artificial oscillators, rheological modifiers, and so on. Moreover, volume oscillation of microgels might affect microgel ordering by controlling interparticle interactions. Importantly, self-oscillating microgels obtained here are very mono-dispersed, resulting in colloidal crystal formation in pure water.
Experimental Section 2.1. Materials
Unless stated otherwise, all reagents were purchased from Wako Pure Chemical Industries, Ltd. NIPAm (Sigma-Aldrich) was recrystallized from hexanes and dried in vacuo prior to use. The cross-linker N,N'-methylenebisacrylamide (BIS, Kanto Chemical Co., Inc), the initiator azobis-amidinopropane dihydrochloride (V-50) were all used as received. Ruthenium(II) (4-vinyl-4'-methyl-2,2'-bipyridine)bis(2,2'-bipyri dine)bis(hexafluorophosphate) [Ru(bpy) 3 ] was synthesized according to the previous work. 7 Malonic acid (MA), sodium bromate (NaBrO 3 , Kanto Chemical Co., Inc), nitric acid (HNO 3 , Kanto Chemical Co., Inc) and sodium chloride (NaCl) were all used as received. Water for all reactions, solution preparation, and polymer purification was first distilled then ion-exchanged.
Synthesis and Characterization of Poly (NIPAm-co-Ru(bpy) 3 ) Microgels.
The Ru(bpy) 3 copolymerized pNIPAm microgels were prepared via surfactant-free aqueous radical precipitation polymerization as previously reported. The chemical structure of the microgel is shown in Figure 1 . Briefly, a mixture of NIPAm, Ru(bpy) 3 , BIS, and water was poured into a three-neck, round-bottom flask equipped with a stirrer, a condenser, and a nitrogen gas inlet. Under a stream of nitrogen to purge oxygen and with constant stirring at 200 rpm, the solution was heated in an oil bath to 70 °C. After stabilizing the solution for 1 h, the V-50 initiator dissolved in water was added to the flask to start the polymerization, which then continued for 6 h. After polymerization, the dispersion was cooled to room temperature. The obtained microgels were purified by centrifugation/re-dispersion with water and by means of dialysis for a week.
Microgel sizes were determined by dynamic light scattering (DLS, Malvern, Zetasizer3000HS A ). Diluted microgels were analyzed in a quartz cuvette. The samples were allowed to equilibrate at the desired temperature for 10 min before data collection. Scattered light was collected at 90°.
Measurements of the Oscillations
Optical transmittance data of oscillations were collected on a Shimadzu UV-2500PC spectrophotometer. The microgels were dispersed in aqueous solution containing the reactants of the BZ reaction: MA (62.5 mM), NaBrO 3 (84 mM), and HNO 3 (0.3 M). Under constant temperature and stirring conditions, the time course of transmission was monitored. The Ru(bpy) 3 complex has different absorption spectra in the reduced Ru II state and the oxidized Ru III state as an inherent property. The solution exhibited the absorption maximum at ~460 nm in the reduced state and at ~420 nm in the oxidized state, and has isosbestic point at 570 nm. In this study, the 570-nm wavelength was selected to detect the swelling/deswelling signals of microgels while the 460-nm wavelength was used to detect the redox change of Ru(bpy) 3 for the bulk solution of the BZ reaction as a control (see supporting information).
Electrochemical measurements were performed simultaneously with optical transmittance measurements to check the synchronization between the redox oscillation of Ru(bpy) 3 complex and the mechanical oscillation of the microgel.
Redox potential changes were monitored using potentiometer (Hokuto Denko, HA-150G) with Pt electrodes. To obtain the self-oscillating microgels, NIPAm, Ru(bpy) 3 , and cross-linker BIS were copolymerized by surfactant-free aqueous precipitation polymerization at 70 °C. Before the self-oscillation study, we checked hydrodynamic diameters as a function of temperature under the different conditions of the reduced Ru(II) and the oxidized Ru(III) states, under the same acidity (Figure 2) . The microgels in the oxidized Ru(III) state were flocculated at slightly higher temperature (34 °C) than those in the reduced Ru(II) state (32 °C). This temperature shift is due to an increase in hydrophilicity of the polymer by the charge increase of the catalyst. As a result, the microgels in the oxidized Ru(III) state shows larger hydrodynamic diameters at each temperature because pNIPAm-based microgels shows continuous change of the diameters below the VPTT. These deviations of the hydrodynamic diameters and differences of the colloidal stabilities at the same temperature should realize the self-oscillation of the microgels.
Results and Discussion
Next, we carried out the BZ reaction using the microgels. In this study, MA, NaBrO 3 , and HNO 3 were used as substrates for the BZ reaction at a fixed concentration. Figure 3 shows the oscillation profiles of transmittance for the microgel dispersions. In order to observe transmittance changes originated from the periodical swelling/deswelling changes of the microgels, an isosbestic point (570 nm) of the Ru(II) and Ru(III) states was chosen for the measurement. For all the experiments here, the self-oscillations were observed after the induction time, which is a typical phenomenon for the BZ reaction. Temperature dependence of the oscillation was checked. At low temperatures (20 -26.5 °C), as raising the temperature, the amplitude of the oscillation became bigger. The increase in the amplitude is due to the increased deviation of the hydrodynamic diameters between the Ru(II) and Ru(III) states as shown in Figure 1 . Self-oscillating profiles of optical transmittance for the microgel dispersions. The microgels were dispersed in the aqueous solutions containing MA, NaBrO 3 , and HNO 3 . The microgels were dispersed at the different temperatures. waveforms was observed between 26.5 and 27 °C. Then the amplitude of the oscillation dramatically decreased at the higher temperature (27.5 °C), and finally the periodical transmittance change could not be observed at 28 °C. Taking the results obtained in Figure 2 into consideration, the sudden change of the oscillation's waveforms should be related to the colloidal stability change between the Ru(II) and Ru(III) states. Although the temperature at which the colloidal stability changes is different from that the remarkable change of the waveforms was observed, this is because colloidal stability is sensitive to ionic strength and dispersion concentration. Figure 4 shows colloidal crystals of the microgels in pure water. This result means that the microgels synthesized here are very mono-dispersed, which should lead to future application such as sophisticated photonic crystals.
Conclusions
We have synthesized self-oscillating microgels by introducing the catalyst for the BZ reaction into the cross-linked polymer microgel. We found that the microgels synthesized by precipitation polymerization are very monodispersed, resulting in colloidal crystal formation. In this microgel system, the chemical energy of the BZ reaction was converted into the swelling/deswelling rhythm, which is detected by the optical transmittance change. The amplitude of the oscillation can be easily controlled by just changing the temperature. In particular, self-flocculating/dispersin g oscillation of the microgels was observed around the phase transition temperature, which shows a remarkable optical transmittance change. We believe that the self-oscillating property makes microgels more attractive for the future development such as microgel assembly, drug/gene controlled release, and optical and rheological applications.
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